Betatron x-ray emission in laser-plasma accelerators is a promising compact source that may be an alternative to conventional x-ray sources, based on large scale machines. In addition to its potential as a source, precise measurements of betatron emission can reveal crucial information about relativistic laser-plasma interaction. We show that the emission length and the position of the x-ray emission can be obtained by placing an aperture mask close to the source, and by measuring the beam profile of the betatron x-ray radiation far from the aperture mask. The position of the x-ray emission gives information on plasma wave breaking and hence on the laser non-linear propagation. Moreover, the measurement of the longitudinal extension helps one to determine whether the acceleration is limited by pump depletion or dephasing effects. In the case of multiple injections, it is used to retrieve unambiguously the position in the plasma of each injection. This technique is also used to study how, in a capillary discharge, the variations of the delay between the discharge and the laser pulse affect the interaction. The study reveals that, for a delay appropriate for laser guiding, the x-ray emission only occurs in the second half of the capillary: no electrons are injected and accelerated in the first half.
I. INTRODUCTION
The development of ultra short and bright x-ray sources is one of the major axes of research in ultra fast phenomena science. These sources are of interest in many domains including material science, condensed matter, biology, chemistry and medicine. The development of compact x-ray sources using laser-plasma accelerators is a very active and promising field of research. Since the first observations of betatron radiation in the x-ray range in beam-driven plasma accelerators [1] and in laser-plasma accelerators [2] in the forced laser wakefield regime [3] , impressive works have been done to characterize this source. The source size was measured using two different methods. The first method is based on Fresnel edge diffraction. The shadow of a knife edge that intercept the x-ray beam is observed onto a detector placed at a distance sufficient to ensure an appropriate resolution. The measurement in the detector plane of the intensity gradient near the edge of the shadow provides the spatial coherence and hence the source size [4] . Using this technique, it was demonstrated that the source size is less than 8 µm, limited by the measurement resolution. The second method uses the strong correlations between the spatial distribution of the betatron radiation and the electron orbits. This method, discussed in details in references [5, 6] , led to an estimate of the source size of 2 µm. The spectrum of the betatron radiation was first measured using a set of filters [2, 7] and then using an imaging spectrometer consisting of a toroidal mirror and a Bragg crystal [8] . The spectrum measured at Laboratoire d'Optique Appliquée (LOA) has a typical wiggler shape with a critical energy of about 1 keV, a divergence of about 10 mrad with 10 5 photons/0.1% bandwidth/shot at 1 keV and a total number of photons in the range 10 8 − 10 9 . The betatron pulse duration was estimated using time-resolved x-ray diffraction. Ultrafast phase transition (non-thermal melting of InSb) was used as a Bragg switch to sample the x-ray pulse duration [9] . The duration of the betatron x-ray pulse was estimated to be less than 1 ps with a best fit below 100 fs. A more recent experiment indicates that the duration may be of a couple of femtoseconds [10] . Using a PW class, 300 J -600 fs laser system at Rutherford Appleton Laboratory, in a regime for which the laser pulse is much longer than the plasma wavelength, betatron radiation with higher critical energy of about 30 keV and a divergence of about 1 rad was measured [11] . Betatron radiation was also observed in an experiment performed on the Michigan Hercules laser system at the University of Michigan [12] . The critical energy was about 10 keV and the divergence angle of about 10 mrad. The source size was measured to be ≈ 1 µm [13] . More recently, betatron radiation was generated with controlled features using electrons produced by colliding pulse injection [14] , showing clear correlations between the electron beam and the betatron radiation [15] .
We report in this article on the measurement of the longitudinal position and emission length of the x-ray emission. The method relies on the observation of the shadow of an aperture mask, adequately situated close to the source, in the betatron x-ray beam profile. The size of the object shadow on the x-ray image allows to determine the x-ray emission longitudinal position in the plasma, while the intensity gradient of the edge of the shadow yields the emission length. The intensity gradient of the edge is dominated by the longitudinal extension of the source, and not by the transverse exten-sion, in contrast to other studies on the x-ray source size [4, 13] . Because the x-ray emission position and length are closely connected to the electron injection position and the acceleration length, this measurement provides an insight into the interaction. The paper is structured as followed. In section 2, we describe briefly the principle of betatron emission in laser-plasma accelerators. Section 3 introduces the method that is used to measure the longitudinal position and extension of the x-ray emission in laser-plasma accelerator. In section 4, we show how the betatron emission profile can be used to infer properties of electron injection and acceleration in gas cell experiments. Then, in section 5, we present a study of the laser-plasma interaction in a capillary discharge accelerator that show the potential and the usefulness of this diagnostic for such type of experiment. Conclusions are presented in section 6.
II. PRINCIPLE OF BETATRON EMISSION IN LASER-PLASMA ACCELERATORS
An intense laser pulse propagating in an under-dense plasma can drive a relativistic plasma wave in which electrons can be injected and accelerated to relativistic energies. To date, the most efficient mechanism to accelerate electrons in a plasma wave is called the bubble, blow-out or cavitated wakefield regime [16] [17] [18] . In that regime, the wake consists of a spherical ion cavity as represented in Fig. 1 . This regime is reached if the waist w 0 of the focused laser pulse is close to the plasma wavelength and if the pulse duration is approximately equal to half a plasma wavelength. In addition, the laser intensity must be sufficiently high (a 0 > 2) to expel most of the electrons out of the focal spot. When these conditions are met, an ion cavity is formed in the wake of the laser pulse. Electrons can be trapped at the back of the cavity and accelerated by the high electric field with an accelerating force of the order of 100 GeV/m. While the electron motion is essentially longitudinal, along the laser propagation axis, electrons experience as well a transverse force. An electron, injected off-axis, is accelerated in the longitudinal direction x and oscillates across the cavity axis at a period called the betatron period.
In this interaction regime, synchrotron-like radiation, called betatron radiation, is naturally produced [19, 20] . It is a moving charged particle radiation emitted by relativistic electrons oscillating in the ion cavity. The features of the betatron radiation directly depend on the electron orbits. The radiation is emitted in the direction of the electron velocity. The spectrum depends on the period and on the transverse amplitude of the electron orbits. As an example, the betatron radiation produced at the interaction of 10 − 100 TW class laser with a millimeter scale helium gas jet at density of the order of 10 19 cm −3 consists of a beam collimated within a few tens mrad, containing about 10 9 photons integrated over a broadband spectrum extending up to about 10 keV [21, 22] . The pulse duration is femtosecond [10] , the source size is of the order of a micrometer or less [5, 6, 8, 13, 15, [22] [23] [24] [25] and the peak brightness is of the order of 10 22 ph/0.1% BW/s/mm 2 /mrad 2 [13] .
III. MEASURING THE LONGITUDINAL POSITION AND EXTENSION OF THE X-RAY EMISSION
Betatron radiation can be used to determine some features of the interaction and of the acceleration process in a laser-plasma accelerator. For example, the radiation being emitted in the direction of the electron velocity, the x-ray beam profile is an image of the transverse orbits of the electrons in the wakefield [5] . Here, we will use the betatron radiation to obtain information on the laser-plasma interaction in the wakefield cavity.
The method relies on the measurement of the position and the longitudinal extension of the betatron x-ray emission. To do this, the x-ray shadow of an aperture mask positioned close to the source is measured. The principle of the method is shown on Fig. 2 . The size of the aperture shadow on the x-ray image allows one to determine the x-ray emission longitudinal position in the plasma, while the intensity gradient of the edge of the shadow yields the emission length. Because the x-ray emission position and length are closely connected to the electron injection position and the acceleration length, this measurement provides an insight into the interaction.
The experiment was conducted at Laboratoire d'Optique Appliquée with the "Salle Jaune" Ti:Sa laser system, which delivers 0.9 J of laser energy on target with a full-width at half-maximum (FWHM) duration of 35 fs and a linear polarization. The laser pulse was focused by a 1 m focal length spherical mirror at the entrance of a capillary. The FWHM focal spot size was 22 µm, and using the exact intensity distribution in the focal plane we found a peak intensity of 3. length of 15 mm, filled with hydrogen gas whose backing pressure ranges from 50 to 500 mbar. The x-ray beam profile was measured using a x-ray CCD camera with 2048 × 2048 pixels of size 13.5 µm × 13.5 µm, situated at D = 73.2 cm from the capillary exit and protected from the laser light by a 20 µm Al filter. Electrons were characterized using a focusing-imaging spectrometer [26] . Because the betatron emission has a divergence larger than the opening angle associated to the capillary exit, the exit acts as an aperture mask that clips the x-ray beam [27] . This is illustrated in Fig. 3 , which displays different x-ray beam profiles measured during the experiment. The shape of the capillary exit (the capillary is made of two sapphire plates with half-cylindrical grooves, which are slightly misaligned here), is visible in the x-ray images, but with different sizes. Depending on the longitudinal position of the x-ray source, z X , the capillary exit shadow size varies on the camera, because the opening angle associated to the capillary exit changes. Hence, the measured x-ray profiles allow us to determine the longitudinal position of the x-ray source in the capillary. If x-rays were emitted from a point source, the edge of the shadow will be perfectly sharp, while for a finite source size, the edge presents a finite gradient, which depends on the transverse and longitudinal extension of the x-ray source. In previous experiments, the transverse source size of the x-ray source was measured to be on the order of 1 − 2 µm or less [5, 6, 8, 13, 15, [22] [23] [24] [25] . For our experimental set-up, we found that all x-ray images present gradients much larger than those induced by a transverse size of 1 − 2 microns (for z X = 5 mm, a transverse source size of 1 µm gives the same gradient as a longitudinal extension of 100 µm), and therefore the gradient length is dominated by the longitudinal extension of the source. X-rays can thus be considered as being emitted by a longitudinal source line, and the measurement of the gradient length in the x-ray images yields the extension of this x-ray source line. In the following, we use a cylindrical coordinate system (r, θ, z) whose z-axis is the source line axis. If z entrance = 0 corresponds to the entrance of the capillary and z exit = 15 mm to the exit, then the x-ray emission position is given for r cap (θ)
, where r cap (θ) [respectively r shadow (θ)] is the radial distance between the z-axis and the capillary edge (respectively the shadow edge) in the direction defined by the angle θ (see Fig. 2 ), and D is the distance between the capillary exit and the observation plane. For a perfectly circular capillary exit and a line source on the capillary axis, r cap (θ) simplifies to d cap /2, but a more general capillary exit shape and an arbitrary position or orientation of the line source can be represented by the function r cap (θ).
Assuming the betatron x-ray beam profile without the mask is constant on the gradient scale length (a reasonable approximation for our experimental results), the signal profile reads:
is the x-ray signal originated from the emission between z and z +dz , S(r, θ) is the signal measured at a given position (r, θ) on the detector and r cap (θ) is the radial distance between the z-axis and the capillary edge in the direction defined by the angle θ (see Fig. 2 ). Equation (1) can be understood as follow. For a position (r 0 , θ 0 ) on the detector, rays coming from z < z(r 0 , θ 0 ) are blocked by the capillary exit, and therefore the signal measured at (r 0 , θ 0 ) is the sum of the signal emitted between z(r 0 , θ 0 ) and z exit . Taking the derivative of Eq. (1), the longitudinal profile of the x-ray emission dI(z)/dz can be expressed as a function of the signal radial profile in the detector plane S(r, θ):
where r(z, θ) = r cap (θ)D/(z exit − z). If δz is the characteristic emission length and δr(θ) the characteristic intensity gradient length, then δz = δr(θ)(
This implies that r cap (θ) ∝ δr(θ). As a consequence, the measurement of the intensity gradient in the image plane δr(θ) yields the longitudinal length of the x-ray emission, δz. The full emission profile dI(z)/dz can be retrieved from ∂S/∂r using Eq. (2). Lastly, the transverse displacement of the shadow and the asymmetry of δr(θ) provide information on the orientation and transverse position of the source line. For example, we observed during an experimental run a vertical low drift of the line source which was correlated with a low vertical drift of the laser pulse. The asymmetry observed on some shots in δr(θ) [see Fig. 3(b) ] also confirms that the large intensity gradients observed in Fig. 3 are not originated from the transverse source size of the betatron emission, since a transverse extension can only lead to symmetrical intensity gradients. 
IV. APPLICATION TO A GAS CELL LASER-PLASMA ACCELERATOR
We studied the influence of the plasma electron density n e on the x-ray emission position z X and longitudinal extension δz, using the capillary as a steady-state-flow gas cell. No x-rays are observed for electron density below 1.5 × 10 19 cm −3 , and the x-ray signal is increasing from the threshold at 1.5×10
19 cm −3 up to 2.5×10 19 cm −3 . In these conditions, we observed broadband electron beams with energies from 100 to 400 MeV, with sometimes some mono-energetic components, and charge in the few tens of pC range. Figure 4(a) shows the behavior of z X and δz with respect to n e . The position z X of the beginning of the x-ray emission varies from 4.1 mm to 2.7 mm when n e increases from 1.5 × 10 19 cm −3 to 2.5 × 10 19 cm −3 . This behavior can be understood by the modification of the laser propagation in the plasma. When the density increases, the laser pulse self-focuses and self-steepens more quickly and towards a smaller transverse spot size [28] . As a result, it attains sufficiently large a 0 to trigger electron trapping in a smaller propagation distance. Moreover, electron self-injection is facilitated at high density, due to the stronger wakefield amplitude and the reduced wake velocity and wave-breaking threshold, which could also contribute to an x-ray emission beginning sooner for high density.
The x-ray peak intensity is plotted in Fig. 4(b) as a function of the emission length δz (in this figure the electron density is not constant). The x-ray signal is clearly increasing with the emission length, in a nearly linear way. It shows that one of the key parameters for increasing the x-ray signal in our configuration is actually the emission length. Figure 4(d) shows that the peak of dI(z)/dz depends weakly on n e . As a result, variations of the emission length are the main source of x-ray signal changes. This conclusion is supported by the fact that in the experiment, the electron peak energy was observed to be a weak function of n e . Figure 4 also shows that the emission length δz depends on the electron density n e . It increases from 430 µm to 810 µm when the electron density varies from 1.5 × 10 19 cm −3 to 2.5 × 10 19 cm −3 . Further, at high density, the x-ray emission length extends well beyond the dephasing and depletion lengths (the orders of magnitude are respectively L d ∼ 200 µm and L pd ∼ 500 µm for n e = 2.5×10 19 cm −3 considering Lu's model [18] ). This is counter-intuitive since we expect the interaction to finish faster and the total interaction distance and the emission length to be reduced at higher density, because both the dephasing and depletion lengths decrease with n e . A possible explanation for that experimental observation relies on the transition from a laser wakefield accelerator (LWFA) to a plasma wakefield accelerator (PWFA) [29] in which the wakefield is excited by a particle beam [30] . At higher density, the laser pulse amplitude a 0 attains a higher value, allowing higher amplitude plasma wakefields and stronger electron self-injection. A sufficiently dense injected and accelerated electron beam can pursue the wakefield excitation after the laser pulse has depleted, increasing the total interaction distance and the x-ray emission length. Since this mechanism needs dense electron beams, it will be facilitated at higher density where the injection is stronger.
To check this scenario, we performed Particle-In-Cell simulations with the Calder-Circ code [31] . This code uses a Fourier decomposition of the electromagnetic fields in the azimuthal direction. The first two modes are retained, which allows us to describe the linearly polarized laser field and a quasicylindrical wakefield. The normalized laser amplitude was a 0 = 1.1, the FWHM focal spot width was 22 µm and the FWHM pulse duration was 35 fs. We simulated the high density case, n e = 2.5 × 10 19 cm −3 , and found a similar x-ray emission longitudinal profile as in the experiment [32] , with an emission extending well beyond the depletion length. At a late time, where the laser amplitude is strongly reduced (from a maximum of a 0 4 to a 0 2), x-ray emission still occurs. Figures 5(a) and 5(b) show the simulated wakefield at this late time, where the ionic cavity (a) and the strong focusing force (b) applied to the electrons are visible. To verify that, at this late time, the wakefield is mainly excited by the electron beam itself and not anymore by the laser pulse, we simulated the wakefield excited by the laser pulse only. To do so, the laser pulse was extracted from the simulation and re-injected in a homogeneous plasma. Figures 5(c) and 5(d) show the re- Emission length δz (mm) X-ray peak intensity (arb. u.) . We can therefore conclude that, at this late time where the laser amplitude is strongly reduced, the wakefield is mainly excited by the electron beam. As a result, a transverse wakefield is maintained by the electron beam such that electrons continue to oscillate and to emit x-rays. This explains why x-ray emission is not limited by the dephasing length nor by laser depletion. The increase in δz with n e , observed in Fig. 4(a) , could be explained by a higher normalized particle beam density n p /n e at higher density, favoring an electron beam excited transverse wakefield and a late x-ray emission.
During the experiment, multiple emission positions were observed on some shots, as shown for instance in Fig. 3(d) , where x-rays are emitted at z X = 4.6 and z X = 6.7 mm. This can be explained by oscillations of the laser pulse amplitude a 0 during its propagation in the plasma. The wakefield amplitude is sufficiently high to trap electrons only when a 0 is at its maximum, leading to multiple electron injection and therefore multiple emission positions.
V. APPLICATION TO A CAPILLARY DISCHARGE LASER-PLASMA ACCELERATOR
The method for measuring z X and δz was also applied to the case of a capillary discharge laser-plasma accelerator [33] [34] [35] [36] [37] [38] . In that case, we triggered an electrical discharge by applying a high voltage at the edges of the capillary [39, 40] . The charging voltage of the 2 nC capacitor was set to 25 kV (see Ref. [41] for details regarding the electrical discharge circuit design), and the resulting current pulse had a peak of ∼ 600 A and a duration of ∼ 200 ns (full width). Heated on the capillary axis, the plasma cools down by the wall. After plasma expansion, this inhomogeneous temperature results in transverse density and index profiles which can guide the laser pulse over the entire capillary length. The study of the laser pulse guiding at a low laser intensity as a function of the delay between the discharge and the laser pulse revealed that the channel index profile evolves significantly with this delay. We found that laser guiding was possible for discharge triggered ∆t = 70 ± 10 ns before the laser enters the capillary. More precisely, we measured that, for this delay, 90% of the laser energy is transmitted by the capillary and the focal spot size at the capillary exit varies by less than 10% compared with the focal spot at the entrance. At full laser energy, electrons and x-rays could be produced either using a guiding delay or using discharge triggered sooner by a few tens of ns (∆t > 90 ns). The measurement of the x-ray emission position z X as a function of the delay ∆t between the electrical discharge and the laser pulse arrival is represented in Fig. 6 , for a hydrogen gas backing pressure of 300 mbar.
The x-ray emission position is totally different depending on the delay. When the discharge was triggered a few tens of ns sooner (∆t > 90 ns) than the guiding delay, x-rays were emitted on the very beginning of the capillary, indicating that only a short distance was used for laser-plasma interaction and electron/x-ray genera- tion. On the other hand, when the delay becomes close to the guiding delay, the emission position drifts further inside the capillary, reaching 8−9 mm with respect to the capillary entrance, which indicate that the laser pulse is guided, in agreement with the measurement at low laser energy. At lower backing pressure (150 and 225 mbar) and at the guiding delay, we observed the entire betatron beam profile without any capillary exit shadow, indicating an x-ray emission position z X situated between 9 and 15 mm from the capillary entrance. In that case, no transition between guided and non-guided configuration was observed, either the emission position z X was at 1−2 mm (for soon discharge trigger), either it was between 9 and 15 mm (guiding delay). Because of the small amount of betatron x-rays produced in this experiment, the x-ray images were too noisy to perform a precise analysis of the emission length as a function of the delay. We observed, however, that under any conditions (pressure, delay etc.), the emission length δz was smaller than 1 mm. In other words, the acceleration length does not increase significantly even though the laser pulse is guided in the capillary. This is consistent with the experimental observation of a peak electron energy that does not depends strongly on the backing pressure nor on the delay.
A possible explanation is that at high laser intensity a large part of the laser energy is lost during the coupling of the laser into the waveguide. In this scenario, high laser intensity and non-linear effects are assumed to be responsible for the bad coupling. Indeed, our measurements at very low laser intensity showed a very good coupling [with more than 90% of the energy transmitted through the capillary, and the laser pulse at the exit having the same transverse size as at the entrance (within 10% precision)]. The index profiles at the capillary ends could be non-trivial and, while not affecting the laser pulse at low intensity, they could induce a loss of energy when at full laser energy with non-linear effects enabled. Because of this bad coupling at high intensity, a longer propagation is required for the laser to reach an intensity sufficient to drive a non-linear plasma wave and trigger the electron injection, which may explain why the x-ray emission occurs only in the second part of the capillary. Further, the laser energy available for the acceleration is reduced, which hinders the increase of the acceleration length (the laser cannot drive a plasma wave over a long distance).
Another explanation could be that the experiment operated at a too high plasma density (the backing pressure was always above 150 mbar). Indeed, the acceleration length may be increased by reducing the backing pressure (the dephasing and depletion lengths increase when n e is lowered). However, the electrical discharge in this experiment was unstable for backing pressure below 150 mbar, preventing any guiding at low plasma density.
VI. CONCLUSION
Betatron radiation has been shown to be a very promising source for applications and a very interesting noninvasive tool to diagnose laser-plasma interaction. The method presented in this paper allows the measurement of single shot x-ray emission longitudinal profiles in a laser-plasma accelerator. The method provides detailed information on the interaction that is of crucial importance to understand many experiments performed when an intense laser pulse is focused in a gas cell or a capillary discharge.
In the case of a gas cell laser-plasma accelerator, we showed that, at a high density, x-ray emission begins sooner because of the faster self-focusing and selfsteepening of the laser pulse. Also, our measurements showed a very large emission length at high density, which can be explained by including the role of the electron beam driven wakefield in the laser-plasma interaction picture.
One of the major goals for laser-plasma accelerators consists in increasing the acceleration length, either by guiding the laser pulse or using higher laser energy. In this context, this mapping method should be a powerful tool for optimizing the acceleration. In this paper, we showed that the use of this method in the study of a capillary discharge laser-plasma accelerator can reveal very interesting behaviors. Electron acceleration and xray emission can occur for non-guiding delays, but the interaction takes place only in the first few millimeters of the 15 mm long capillary. In contrast, at the guiding delay, electron acceleration and x-ray emission begins in the second half and extends over a millimeter or less, showing some guiding effects but, surprisingly, no injection and acceleration occurs in the first half of the capillary.
This method can also be applied with gas jets by using a small aperture near the source, and will allow one to understand over which distance self-focusing and selfsteepening take place, where electron injection occurs, and over which distance acceleration and x-ray emission happen.
